We report a theoretical study of the title five-atom atmospheric reaction for vibrationally excited states of O 2 over the range 18 e V e 27, and initial vibrational energies of HO 2 over the range 36 e E V /kcalmol -1 e 51. All calculations have employed the quasiclassical trajectory method and the realistic double many-body expansion potential energy surface recently reported for HO 4 ( 2 A). The results indicate that it can be a potential source of ozone in the upper atmosphere.
Introduction
Vibrationally excited molecules play a central role in several areas of chemical dynamics and kinetics. Knowledge of the collisional process of such molecules is therefore vital to gain insight into their chemical and physical properties. In fact, the influence of vibrational excitation on the rates of bimolecular reactions has been of longstanding interest in chemical reaction dynamics. As such, uncovering the dynamics of these reactive processes can greatly enhance our understanding of atmospheric chemistry, combustion, and unimolecular decomposition of activated species. [1] [2] [3] [4] [5] Of particular importance is the role of internal energy in the collisional process, especially for energies near the dissociation threshold. The energy dependence holds important information about the behavior of molecules at high energies and can provide clues as to the microscopic details of intermolecular energy transfer. 6 Vibrationally excited molecular oxygen [hereafter denoted by O 2 (V)], generated in the ultraviolet photolysis of ozone, has recently been proposed [7] [8] [9] [10] to explain the limitations of traditional atmospheric ozone models. [11] [12] [13] In fact, models of atmospheric chemistry have consistently underpredicted the measured ozone concentrations in the upper stratosphere and mesosphere in recent years. Such an "ozone deficit" problem is even more troubling because it occurs in a part of the atmosphere which is considered to be well understood. As a result, recent attempts to overcome this problem have focused on identifying new sources of ozone, 7, [14] [15] [16] [17] [18] [19] [20] [21] since the known ozone loss mechanisms appear to be accurately understood and any that have been overlooked can only increase the existing discrepancy.
Because of its atmospheric importance, the collisional processes of O 2 (V) have become among the most extensively studied sets of examples of collisional dynamics involving highly vibrationally excited molecules. In fact, the past decade or so has seen considerable effort, both experimental and theoretical, aimed at yielding a complete picture for O 2 (V) in collisions with a variety of atmospheric constituents such as O 2 , O 3 , OH, N 2 , CO 2 , NO 2 , and N 2 O. Although significant progress has been made in measuring the vibrational level dependence of the total removal rate constants in these collisional processes, 7, 8, 14, 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] an important natural species of the atmosphere which is remarkably absent from such a progress list is HO 2 . In fact, the HO 2 radical is a key intermediate for many chemical reactions in atmospheric chemistry. [26] [27] [28] [29] [30] [31] [32] [33] Recently, a novel catalytic source of ozone 34, 35 has been proposed, which suggests that the O 2 (V) + HO 2 (E V ) reaction may have important implications in modeling the upper stratospheric and mesospheric ozone concentration. An investigation of the collisional properties of highly vibrationally excited O 2 with HO 2 radicals is therefore an intriguing topic of considerable interest, which we will examine in the present work.
In a previous paper (hereafter referred to as paper I 36 ), we have provided the first information on collisions of vibrationally excited molecular oxygen with the hydroperoxyl radical in its ground vibrational state (E 0 ) 8.490 kcal mol -1 ). However, our understanding of the collisional processes of these species is far from complete since the role of reactants internal energy in such processes has partically been left unanswered. A need therefore exists to identify important physical parameters and propensities in such collisional processes. In addition to its relevance in atmospheric chemistry, the O 2 (V) + HO 2 (E V ) atmospheric reaction can per se be interesting as a prototype of a diatomic-triatomic bimolecular collision process involving both reactant molecules in vibrationally excited states.
A major aim of the present work is therefore to report a detailed theoretical study of the title multichannel reaction by considering the vibrationally excited states of O 2 over the range 18 e V e 27 and the HO 2 molecules containing between 36 and 51 kcal mol -1 of vibrational excitation. Such combinations will be heretofore denoted by (V, E v ), with E v assumed to be given in kcal mol -1 . Note that the star in reaction 1 indicates that the formed ozone molecules have an internal energy above the dissociation limit. Thus, they will ultimately decompose through the unimolecular dissociation reaction * To whom correspondence should be addressed. E-mail: varandas@ qtvsl.qui.uc.pt.
or will stabilize in the presence of some inert species M via the inelastic process
Other interesting channels in relation to ozone formation are reactions 3 and 4, which involve reactants dissociation under such conditions. Indeed, dissociation of both reactants lead to formation of atomic oxygen, which will then form ozone by the three-body recombination reaction
For the dynamics calculations, we will employ the quasiclassical trajectory (QCT) method and the realistic single-valued DMBE (double many-body expansion 37,38 ) potential energy surface 39 for the electronic ground state of HO 4 , which has been extensively used to study the OH(V) + O 3 atmospheric reaction. [39] [40] [41] Good agreement was obtained in this case with the available experimental data. Note that an accurate quantum dynamics study of the title reaction is currently out of reach mostly due to computational limitations (ref 18, and references therein).
The paper is organized as follows. Section 2 provides a brief survey of the HO 4 ( 2 A) DMBE potential energy surface, while the computational method is described in section 3. The dynamics results are presented and disscussed in section 4, while the major conclusions are in section 5.
Potential Energy Surface
As in paper I, all calculations reported in this work have employed a full-dimensional (9D) DMBE potential energy surface 39 for the ground electronic state of HO 4 . Since it has been described in detail elsewhere, 36,39-41 we report in Figure  1 only the minimum energy path for reaction 1 and some energetic features which are of relevance for the present work. These refer to the energetics for various combinations of vibrational excitation and relevant product channels according to the HO 4 DMBE potential energy surface. As is seen, the internal energy combinations on the reactants side not only are quite above the energy of the transition state for reaction 1, but are higher than the energy of the product channels leading to O 2 + O 2 + H and O 2 + OH + O formation. This implies that the reactions 1-3 are feasible over the complete range of translational energies. Note that, for the internal energy combination (20, 51) 
Computational Details
Following paper I, the QCT method has been employed as implemented in an extensively adapted version of the MER-CURY/VENUS96 42 code. As summarized in Table 1 , calculations have been carried out for diatom-triatom translational energies over the range 1.0 e E tr /kcal mol -1 e 20.0. Except for some check cases, the initial rotational quantum number of the colliding O 2 (V) has been fixed at the ground level (j ) 1). In fact, since the O 2 molecules are highly vibrationally excited, one expects to a first approximation the initial rotational excitation to play a minor role. In fact, a quantitative assessment of this assumption will also be reported. Meanwhile, the total vibrational energy of HO 2 
E vk , where E vk indicates the energy content of the various vibrational normal modes of the triatomic molecule. Note that the chosen vibrationalexcitation energy range for HO 2 (E v ) mimics roughly that observed for the products of the OH(Ve4) + O 3 reaction. 41 Note, especially, that it covers internal energies of the triatomic up to near dissociation. Furthermore, in the absence of any a prior information on the energy distribution among the various normal modes, we have assumed a democratic distribution for it. Such a choice may find support on previous classical trajectory studies of the HO 2 f H + O 2 unimolecular process for energies just above dissociation, which have shown to display RRKM-type (i.e., a single-exponential-type) behavior for nonrotating HO 2 , with a double-exponential curve being necessary to fit the trajectory data when rotational excitation is added to the system. 43, 44 In turn, the rotational energy about each principal axis of inertia of HO 2 has been taken as k B T/2, while the rotational temperature has been assumed to be 300 K. This corresponds to an intermediate value over the range of temperatures 100 e T/K e 500, which are likely to be the ones of major interest for atmospheric chemistry. Working parameters for numerical integration and maximum value of the impact parameter (b max ) have been determined as in paper I. Similarly, the initial diatom-triatom separation has been fixed at 17 a 0 to make the interaction essentially negligible. Batches of 2000 trajectories have been carried out for each translational energy and vibrational combination making a total of 9.2 × 10 4 trajectories. Such a number of trajectories is enough to yield reactive cross sections with an error smaller than about (10%) for all translational energies considered in the current work.
For a specified translational energy, all relevant reactive cross sections and associated 68% uncertainties have been calculated. They will be denoted σ x and ∆σ x , respectively, with x specifying the reaction outcome; 
where g e (T) ) 1 / 3 is the electronic degeneracy factor which corresponds to the ratio of the electronic partition functions, k B is the Boltzmann constant, µ is the reduced mass of the colliding particles, and T is the temperature. Table 1 provides a summary of the trajectory calculations reported in the present work. Column one indicates the vibrational combination while the studied translational energies are in column two. For these initial translational energies, the dominant open reactive channels leading to products are where the indices a, b, c, and d label the four different oxygen atoms. As in paper I, reaction 9 indicates formation of O 3 / /O 3 + OH products via an oxygen atom abstraction mechanism. Note that the reactions in eqs 12 and 13 have identical probabilities of occurrence, with the reaction in eq 11 having a small percentage of occurrence compared with such reactive channels. Note further that a detailed analysis of these reactive channels has been done in paper I. The difference now is that, for vibrationally excited HO 2 , the probability of breaking its bonds increases, and hence the fractions of such products shows a significant growth. However, the reaction in eq 14 shows a low probability of occurrence, with the corresponding reactive cross section being an order of magnitude smaller than those of the process yielding other products. This by no means implies that the formation of HO 2 + O + O provides a negligible contribution to the dynamics and kinetics of the title reaction. Indeed, such a process contributes twice as a source of ozone, since each atom ultimately leads to an O 3 molecule through the three-body recombination reaction with molecular oxygen. The dependence of the maximum impact parameter on translational energy for the title reaction is shown in Table 1 . As expected, the maximum impact parameter increases with internal energy of the reactants for a fixed translational energy. Conversely, b max is found to increase with decreasing translational energy, as it usually happens for reactions that occur via a capture-type mechanism. These observations may be rationalized from the fact that dominant interactions between O 2 and HO 2 are, at large distances, of the dipole-dipole and dipolequadrupole electrostatic types. In fact, since the reactants are vibrationally excited (such a stretching leads to an increase of both the dipole and quadrupole moments over the range of the excitations considered in present work), one expects the attractive long-range forces to increase for the most favorable approaching orientations. formation of stable ozone species via either a quenching mechanism or through dissociation followed by fast recombination of the formed oxygen atom in excess of molecular oxygen. We now examine the shapes of the excitation functions (cross section vs translational energy) for formation of all products, which are shown in Figure 4 together with the associated 68% error bars (a separate examination of the cross section leading to HO 2 + O + O has been reported elsewhere in the context of a theoretical reappraisal of the HO x atmospheric cycle 35 ). Two distinct combinations of internal energies are considered. In both cases, the vibrational energy of one of the reactant species is fixed at a specific state while its reactive partner contains a flexible vibrational excitation covering the whole range of energies considered in the present work. Such a procedure may provide us with important insights into the role of the reactants internal energy, thus highlighting the general trends of the title reaction. It is clear that the reactive cross sections show a markedly decreasing pattern with translational energy. Such a fact suggests that a capture-type mechanism dominates over the studied range of translational energies. We recall from paper I that, although reactive O 2 (V) removal via a capture-type mechanism plays a leading role over the whole range of translational energies, both capture-and barrier-type mechanisms have been encountered for low and high translational energies. Such different behaviors can only be attributed to the high internal energies arising from the vibrational energy of the HO 2 molecules. In fact, the HO 2 vibrational energy effectively promotes rupture of its bonds while enhancing the role of longrange forces in the formation of products.
Results and Discussion
To analytically describe the dependence of the cross section with the translational energy, we have adopted the form where E sum ) E O2 + E HO2 , with E O2 and E HO2 being the internal energies of the O 2 and HO 2 molecules. Note that such a representation depends only on the internal energy of the reactant species but not on any specific model which expresses the dependence of the internal energy with the quantum 
numbers. All the parameters have been determined from a leastsquares fitting procedure, with their optimum values being reported in Table 2 . The resulting fitted functions are exhibited together with the calculated points in Figure 4 . It is seen that the fitting forms show very good agreement with the calculated points and, hence, reflect the general trends of the calculations.
It also suggests that it may be reliable in predicting the cross section in panel (b) for other V states not specifically considered in this work, as it can be seen from the data calculated for V ) 22 (these employed only 10 3 trajectories per point) which has not been included in the least-squares fitting procedure. Of course, care must be exercised when using the above model excitation function to extrapolate far beyond the range of V and E tr values considered in the fit [shown by the solid dots in Figure 4 .
By substitution of eq 15 in eq 8 and performing the integration analytically, one obtains for the specific thermal rate coefficients where Γ(...) is the gamma function, and all other symbols have their usual meaning. Figure 5 shows Figure 5 . The notable feature is perhaps the significant increase of the rate constant with increasing reactant internal energy and temperature. Table 3 compares the calculated thermally averaged specific rate coefficients at 298 K. As shown, the rate constants are seen to vary only within a 5-fold factor when going from V ) 18 to V ) 27 for a fixed vibrational energy content of HO 2 . However, for V ) 18, the rate constant is found to be 2 orders of magnitude larger than the corresponding value in paper I when HO 2 is considered to be in its ground vibrational state. Such a remarkable discrepancy reflects the influence of the HO 2 reactant internal energy content. As it might be expected, such an influence is found to decrease with increasing internal energy of O 2 . In fact, for highly vibrationally excited levels of O 2 such as V ) 27, the rate constants reported in paper I can be over one-half of the values reported in the present work. Thus, the rate constants for the title multichannel reaction are strongly influenced by the reactants internal energy content. Figure 6 shows cuts of Figure 5 for V ) 18, 20, 24, and 27. Also shown by the dots in Figure 6 are the results obtained , the cross section is a 0 2 . b Given in parentheses are the powers of 10 by which the numbers should be multiplied. For reproducibility, six significant figures are reported, although this by no means imply that the coefficients are known to such an accuracy. 
from rotationally averaged calculations for V ) 27 and E v ) 36 kcal mol -1 using 2 × 10 3 trajectories. As expected, such results suggest that the trends reported in this work for O 2 kept at j ) 1 should not differ drastically from those obtained for a thermalized rotational distribution.
Conclusions
Despite its potential atmospheric importance, the title multichannel reaction had not been studied thus far theoretically due to lack of a realistic potential energy surface. One of our major motivations in this work has therefore been to cover such a gap, and hence aim at yielding a complete series of studies by using our recently proposed DMBE potential energy surface for the ground doublet state of HO 4 . 39 Specifically, we have carried out a QCT study of the title reaction for several combinations of vibrational excitations of the reactant species. The calculations have shown that the product ozone molecules are formed exclusively via an oxygen-atom abstraction following a capture-type mechanism in which long-range forces seem to play an important role both at low and high translational energies. With the increasing vibrational energy of the HO 2 molecules, such an abstraction reaction occurs via prompt breaking and formation of the O-O bonds, and hence, the lifetime of the ozone species is rather short. The calculations also suggest that the title multichannel reaction is well described by a capture-type excitation function over the whole range of translational energies. In contrast with paper I, the corresponding rate constants have been shown to vary drastically with the vibrational combination of reactant species. Although no comparison with experimental data is possible at present (to our knowledge, no experimental evidence of the title multichannel reaction has been reported), the results from the present work suggest that the title reactive processes can be a potential source of ozone in the upper atmosphere. Thus, they should be taken into consideration when identifying new ozone resources. In the same sense, experimental studies using laser techniques that allow for the preparation of vibrationally hot reactant molecules would be greatly welcome for the title system.
